The measurement results of the wideband wireless multiple-input multiple-output ( MIMO) 
INTRODUCTION
Multiple-input multiple-output (MIMO) communication systems with multiple antennas at both the transmitter (TX) and the receiver (RX) ends have shown the potential of increased capacity in wireless channels. Realistic MIMO channels, however, usually contain some degree of spatial correlation among the multiple transmitting and receiving antennas. Consequently, the practical capacity may be lower than that expected from theoretical considerations [1] . During the past few years, researchers have used different ways to measure MIMO channel features. For example, a narrowband MIMO channel sounder with 16 transmitting antennas and 16 receiving antennas was employed to measure the channel characteristics in Manhattan [2] . A 2 TX by 2 RX wideband orthogonal frequency division multiplexing (OFDM) channel sounder was used to measure channel-impulse responses in suburban Chicago [3] . An 8 TX by 8 RX virtual wideband MIMO channel sounder that used fast switches at both the TX and RX ends was utilized to probe the indoor MIMO channels in picocell environments [4] . This paper presents the results of wideband wireless MIMO channel measurements with a true array channel sounder. Wideband MIMO channel measurement poses a challenge due to the high-data-acquisition requirement. Our system uses spread spectrum to simultaneously transmit multiple pseudo-random signals. Multiple receivers then receive the transmitted signals simultaneously. Such a system can most faithfully capture the wideband MIMO channel features in a real environment. A series of field measurements under non-line-of-sight (NLOS) scenarios is conducted at the J. J. Pickle Research Campus, the University of Texas at Austin. From the raw channel data, power delay profiles are extracted based on the cross-correlation property between the transmitted and received signals. MIMO channel capacities are then calculated from the measured channel data and compared with the independent, identically distributed (iid) channel simulation.
MEASUREMENT SETUP
Our wideband channel sounder consists of four transmitters and eight receivers that operate at a carrier frequency of 1.8 GHz. Each transmitter transmits the shifted version of a pseudo-random signal with a bandwidth of 2.5 MHz. The data length of a period of the TX sequence is 752. The four TX data sequences are simultaneously converted into analog baseband signals via four digitalto-analog converters and a field-programmable grid array. They are then mixed with an intermediate frequency (IF) local oscillator signal, and upconverted into radio frequency (RF) signals at 1.8 GHz. In the RX testbed, the RF signals are first down-converted to IF signals at 138.625 MHz, and then demodulated into baseband signals. Eight pairs of in-phase and quadrature-phase baseband signals are sent to four National Instruments data acquisition cards (PCI-6115). The sampling rate of the analog-to-digital converter is 10 MHz. The baseband signals are digitalized at 12-bit resolution. The collected channel data are stored onto a computer for postprocessing. The maximum excess delay that can be measured by our system is 12 s. The minimum delay that can be resolved is 0.4 s. Therefore, the MIMO channel sounder is well suited for channel measurements in outdoor microcell scenarios.
An experiment campaign is conducted within the J. J. Pickle Research Campus, the University of Texas at Austin. Figure 1 shows the top view of the measurement environment. There are no tall buildings or physical structures nearby. On the roof of the building to the east, the transmit testbed and the TX antenna array are fixed. The RX antenna array is located to the west of the large MER building, which is about 25 m in height and blocks the direct path between the TX and RX. The distance between the TX and the RX is approximately 220 m. On the southern side, a row of buildings contributes to reflective radio paths (not shown in the figure) . The TX is a four-element linear array with a fixed element spacing of 1, where is the radio wavelength. The array elements are quarter-wave monopoles. The height of the TX antenna array is about 6 m above the ground. The RX is an eight-element linear array. The array elements are co-linear dipoles. The RX antenna array stands 0.6 m above the ground. Data are collected for two different element separations in the RX array, 1 and 0.5. Figure 2 shows the 4 ϫ 8 multipath delay profiles or multipath intensity profiles (MIP) of the MIMO channel from the NLOS environment. The RX antenna elements are spaced 0.5 apart. Four delay profiles are staggered along each time axis in order to show the profiles corresponding to the four transmitters. One snapshot of measurement captures 10,000 data samples from each RX antenna, which amounts to 12 periods of the transmitted sequence. Based on each period of data, we calculate the channel impulse response by using cross-correlation between the RX data and the TX sequences. Figure 2 actually shows all 12 periods of the multipath delay profiles superimposed on top of each other. The curves overlap and are nearly indistinguishable. Thus the channel is quite stable within a snapshot. It is also observed that two or three resolvable multipaths exist for each subprofile.
EXPERIMENTAL RESULTS
In order to evaluate the small-scale fading characteristics of the MIMO channel, measurements are taken according to the RX array location. Three snapshots per RX location are taken as the RX array is shifted by a short distance of 0.1. Therefore, 3600 channel samples are gathered over a distance of 10. After obtaining the channelimpulse responses over the locations of interest, we evaluate the channel capacity. The capacity of a wideband MIMO channel has been calculated by dividing the frequency band of interest into ⍀ narrowband frequency bins, each having a bandwidth of 1/⍀ Hz [5]. The wideband MIMO channel capacity C wb can be expressed as a summation of the narrowband capacities as follows:
where H ʦ C MϫN is the channel transfer function with M TX antennas and N RX antennas, represents the average signal-tonoise ratio, and (•) H denotes the Hermitian transpose of a matrix. Since the actual received signal strength varies with the TX and RX locations, a channel normalization is necessary to facilitate a comparison of the capacities at different locations. One reasonable normalization is to scale the channel matrix such that the average power transfer between a TX and an RX antenna is unity [6] . Therefore, the Frobenius norm is applied to normalize H( f ):
and Ĥ ( f ) is used in place of H( f ) in Eq. (1) .
Based on the measured data and an assumed signal-to-noise ratio of ϭ 20 dB, the wideband MIMO channel capacities versus RX locations are shown in Figure 3(a) . The capacity is averaged over 36 channel samples at each RX location. We note that while the channel capacities from the measured data fluctuate along the RX locations, the capacity with an RX element spacing of 1 is almost always higher than that with an RX element spacing of 0.5. This result is reasonable, since the increase in antenna element spacing causes the MIMO channels to become less correlated. Consequently, a higher capacity can be achieved. Figure 3(b) shows the outage probability of the wideband MIMO capacity with the same signal-to-noise ratio of 20 dB. It is observed that the channel capacities from the measured data are significantly less than that based on the iid channel assumption. At the 10% outage probability, the wideband MIMO channel capacities obtained from the measured data are 46 and 48.5 Mbs/s with an RX element spacing of ⌬ 1 ϭ 0.5 and ⌬ 2 ϭ 1, respectively. By doubling the RX element spacing, the capacity increases by around 5%. However, at the same outage probability, the ideal capacity based on the iid channel assumption is 68 Mbs/s. Therefore, the capacity from the actual measured NLOS channels is achieved by about 70% of the ideal capacity.
CONCLUSION
We have presented the measurement results of wideband MIMO channels in an outdoor environment using a true array channel sounder. Our sounder consists of four transmitters and eight receivers with 2.5 MHz of bandwidth, and is capable of capturing all 32 channels of data simultaneously. After obtaining the multipath delay profiles from the data collected in an NLOS environment, the wideband MIMO channel capacities were computed and found to be about 70% of the ideal channel simulation. 
INTRODUCTION
Modern trends in wireless communication systems require ultrawide-bandwidth antennas, by which the voice, data, and video information can be transmitted. Some of these wireless-communication system applications include fixed broadband local multipoint communication services, small mobile units such as cellular phones or other handheld units, laptops, and various remotesensing devices. Most of these applications also require miniaturized antennas. To enhance the microstrip antenna's operating bandwidth, a simple solution is to use thicker dielectric substrates. However, since a thick substrate is economically undesirable, variously shaped substrates have been proposed, such as stepped dielectric microstrip antennas and wedge-shaped microstrip antennas [1] . Also, low-permittivity materials such as air have been utilized as dielectric substrates in order to improve the bandwidth, as described below. It has been shown that the bandwidth of a U-slot microstrip antenna and an E-shaped patch antenna can reach 30% to 40% [2, 3] . An operational bandwidth of 95% for a 3D microstrip antenna has been investigated [4] . Moreover, a broadband patch antenna with a W-shaped ground plane has been proposed [5] .
In this paper, we present an ultra-broadband patch antenna using a wedge-shaped air dielectric substrate, which contains three bandwidth improving elements: "wedge shape," "air dielectric substrate," and "leaflike patch." The experimental results demonstrate not only the bandwidth improvement, but also realization of miniaturization. Its structure and experimental results are presented as follows.
ANTENNA DESIGN
The proposed antenna consists of a leaflike patch and a ground plane, with a wedge-shaped air substrate between them, as shown in Figure 1 . The leaflike patch with dimensions w ϫ L is in a shape of a cosine-square taper. The minimal and maximum distances between the patch and ground are h 1 and h 2 , respectively, with h 1 ϭ 1 mm and h 2 being about a half-wavelength of the low-end operating frequency. An angle ␣ between the patch and ground 
